Honey bees, Apis mellifera, are important pollinators of the highbush blueberry variety Ventura 2 despite the inability to sonicate 3 Honey bees are important pollinators of blueberries despite their inability to sonicate Abstract 11 Animal-mediated pollination is an essential ecosystem service which over a third of the world's 12 agricultural crops depend on. Blueberry fruit production is highly dependent on pollinators and in 13 their native range they are pollinated mostly by bumble bees (Bombus spp.). Demand for blueberries 14 has increased in recent years due to their perceived health benefits. Consequently, blueberry 15 cultivation has expanded well beyond their native range, including several regions where bumble 16 bees are not present. In many areas, honey bees may be the only commercially available pollinators 17 of blueberries because many countries ban the importation of bumble bees. This study aimed to 18 determine the benefits of honey bee pollination on blueberry fruit quality and quantity for the 19 variety Ventura by comparing yields of honey-bee-pollinated flowers to flowers where pollinators 20 had been excluded. Honey bees significantly increased berry mass and diameter. Our results suggest 21 that the presence of honey bee pollinators potentially increases revenue by approximately $864
Introduction 32
Over 30% of the world's agricultural crops depend on animal-mediated pollination, an essential 33 ecosystem service which is valued at approximately €153 billion [1] . The dependence of crops on 34 pollinators varies, with fruit formation in certain crops being extremely dependent on pollinators [2] .
35
For example, atemoya, Brazil nut, cantaloupe, cocoa, kiwi, macadamia nut, passion fruit, pawpaw, 36 rowanbarry, sapodilla, squashes and pumpkins, vanilla and watermelon, show a ca. 90% reduction in 37 produce when pollinators are absent [2] .
38
Blueberry production is also highly dependent on pollinators for the production of high-39 quality fruit [3] [4] [5] . This is a partly a result of floral architecture, where the pollen of blueberry 40 flowers is concealed within poricidal anthers, making pollen transfer both within and between 41 flowers unlikely without pollinators. For example, Campbell et al. [6] found that blueberry fruit were 42 ca. 47% heavier when plants had access to pollinators (including honey bees, Bombus spp., H.
43 laboriosa and Xylocopa spp.), than when pollinators were excluded. Effective pollinators of 44 blueberries are typically large bees such as bumble bees [7] [8] [9] [10] , blueberry bees [6, 11] and mining 45 bees [7, 8] , which are able to extract pollen from anthers by vibrating their bodies at high frequency.
46
This causes pollen to dehisce from the pores inside the blueberry anthers [11] .
47
This "buzz pollination" strategy is employed by approximately 15,000-20,000 plant species 48 [12, 13] . Buzz pollination may have evolved to exclude less efficient or wasteful pollinators, such as 49 honey bees (Apis mellifera), which are unable to obtain pollen from these specialized anthers 50 through buzzing [7, 10, 12] . For example, Javorek et al. [7] found honey bees deposited approximately 51 three times less pollen on blueberry stigmas during a single visit than bumble bees. However, the 52 large numbers of foragers in honey bee colonies may enable effective pollination of blueberry 53 flowers, as they may achieve increased flower visitation rates relative to bumble bees. This may 54 explain why many commercial blueberry farmers completely, or partially, depend on honey bees as 3 55 pollinators. Even within the native range of bumble bees, North American blueberry farmers 56 frequently add honey bee hives to supplement bumble bee pollination [4, [14] [15] [16] .
57
The pervasive use of honey bees in the blueberry industry may also be a result of the determined whether the addition of honey bees was beneficial to blueberry production as well as 98 the extent to which pollination by honey bees could potentially be improved upon (see Fig. 1 and 99 treatment descriptions below). The three treatments were replicated across 20 plants, with each 100 treatment applied once to each individual plant. optimized pollination) may be useful metrics in determining the benefits of using honey bees to pollinate 104 crops, and how yields could potentially be increased under more optimal pollination environments.
106
Benefit of honey bees 107 To determine whether honey bees are commercially beneficial pollinators for berry production in 108 Ventura, we compared blueberry production in plants where all pollinators were excluded 109 (pollinator exclusion) with blueberry production in plants where honey bees had access to flowers 110 (honey bee pollination) (See Fig. 1 ).
111

Pollinator exclusion (bagged)
112 Pollinators were excluded from visiting some blueberry flowers by placing a fine mesh bag over 20 113 individual virgin flowers (one flower per plant). Consequently, seed production in this treatment was 114 the result of autonomous pollination and/or parthenocarpy (the production of fruit in the absence of 115 fertilization), and not pollinator visitation. This provides an estimate of the yields expected in the 6 116 absence of pollinators, and we expect that this should result in the poorest yield of our treatments, 117 which we have termed "minimum yield". Once flowers wilted, the bags were removed, and fruit 118 maturation was allowed to continue normally.
119
Honey bee pollination (control)
120 Some flowers were left unbagged, allowing access to commercial honey bees placed on the farm. In Pollination deficit 129 To determine the extent to which honey bee pollination can potentially be improved, we compared 130 the honey bee pollination treatment (above) to a hand-pollinated treatment (optimized pollination).
131
We assumed that hand pollination would result in the best fruit production possible by maximizing 132 the deposition of pollen.
133
Optimized pollination (hand pollination)
134
Prior to hand-pollination, Ventura flowers were emasculated. We did this by removing part of the Fig 2A) . Fig 2C, Table 1 ). There was no difference in the fruit set of 214 flowers with access to honey bees relative to flowers which had no access to honey bees or hand 215 pollinated flowers (Chi-square=1.36, df=4, p=0.507) (Fig 2D) .
216
The beneficial effects of honey bees on fruit mass and fruit set also translated into Pollination deficit 227 Hand pollination significantly shortened the ripening period of blueberry fruit by approximately two 228 weeks or 15% (Table 1) , from 15 ± 0.65 weeks (mean ± SE weeks to ripen) when pollinated by honey 229 bees to 13 ± 0.64 (mean ± SE weeks to ripen) when pollinated by hand (Fig 2A) . Hand-pollinated 230 fruits were significantly heavier (Table 1) at 3.69g ± 0.23g (mean ± SE fruit mass), than flowers 231 pollinated by honey bees at 2.89g ± 0.23g (mean ± SE fruit mass, Fig 2B) , a ca.27% increase. Hand 11 232 pollination did not significantly increase the size of fruits compared to fruits resulting from honey 233 bee pollination (Table 1 , Fig 2C) .
234
However, when both mass and fruit set were incorporated into a model to calculate total 235 yield, hand pollinations resulted in significantly greater yields than honey bee pollination (Table 1) .
236
Calculated per plant, optimizing pollination (i.e. hand pollination) can potentially increase yields 237 from 25.52kg ± 3kg (mean ± SE predicted plant yield, after honey bee pollination) to 34.47kg ± 2.9kg 238 (mean ± SE predicted plant yield, Fig. 2E ), approximately 35%. This could lead to additional revenue 239 amounting to $502 095/ha (35%).
240
Discussion 241 This study revealed that the pollination environment has the potential to strongly affect the quality 242 of fruit produced by the highbush blueberry variety Ventura. In particular, yields are greatly 243 increased by the addition of honey bees in areas where bumble bee pollinators do not occur 244 naturally, and importation is illegal. Honey bees were the only pollinators at this site and therefore 245 the effects shown are a direct result of access to honey bees, rather than other unaccounted wild 246
pollinators. This provides valuable information for the pollination of commercial blueberries, 247 particularly with respect to the underutilized role played by honey bees, and suggests some 248 important directions for research on blueberry pollination.
249
We show for the first time that Ventura can produce fruit without pollinators. However, 250 these fruits are of lower quality than the fruits of flowers exposed to honey bee pollinators. This 251 ability is not unique to Ventura, as other highbush blueberry varieties can also produce fruit in the 252 absence of pollinators. However, these fruits are also of noticeably poorer quality than fruits 253 produced by flowers with access to pollinators [5, 6, 15] . The presence of honey bees significantly 254 increased blueberry yields by improving fruit quality through greater fruit diameter and mass (Fig. 2) .
255
This shows that despite honey bees' inability to buzz-pollinate, they do extract blueberry pollen from 256 anthers and transfer it to stigmas. Thus, in areas lacking native blueberry pollinators, the addition of 257 honey bees may increase blueberry yields by more than 150% (Fig 2E) . 
